Gold nanoparticles are used as a luminescent contrast agent to study size-dependent dynamics in polymer matrix. The experiments measured the diffusion coefficient of particles in poly͑butyl methacrylate͒ melt by tracking their motion within a diffraction-limited focus of a laser with 150 fs pulses at 800 nm. Our results indicate that for unentangled polymers, when the particle radius ͑R͒ is greater than the gyration radius ͑R g ͒ of the chain, the Stokes-Einstein relation can accurately predict particle dynamics. For longer chains, if the entanglement mesh length is larger than R, the particle diffuses ϳ250 times faster than predicted by the Stokes-Einstein relation.
The introduction of nanoparticles into a polymer system can dramatically change its macroscopic properties such as magnetism, conductivity, and strength modulus. [1] [2] [3] [4] [5] Composite systems of polymers and metallic nanoparticles have been synthesized to create light emitting diodes, photovoltaic solar cells, and gas sensors. Even nanocomposites with "selfhealing" properties that can restore strength in damaged regions have been proposed. 6 For these applications, it is important to understand the diffusion and transport properties of the nanoparticles dispersed in the polymer matrix. 5, 7 X-ray photon correlation spectroscopy ͑XPCS͒ has emerged as a powerful technique to study the dynamical properties of nanoparticle-polymer complexes. [8] [9] [10] It relies on the large contrast of x-ray scattering at the particle-polymer interface but requires high brilliance synchrotron radiation source. 11 Optical studies, such as laser scattering, are limited by the particle size ͑Ͼ50 nm͒. A large body of experimental work has used dissolved fluorescent molecules to probe the local viscosity in neat polymers or in polymer solutions. 12, 13 However the finite photochemical lifetime of dyes limits their use to probe very slow ͑ϳ100 s͒ dynamics. In addition, the small size of the dye molecules ͑Ϸ1 nm͒ makes it difficult to extend this method in measuring the dynamics at a larger length scale comparable to the entanglement mesh size for long polymer chains. It has been shown in recent years that metal nanoparticles have high luminescence efficiency upon multiphoton excitation, which can provide sufficient contrast against background even in dense condensed matter environments. 14, 15 They are photostable for several hours and do not blink like semiconductor quantum dots. Advances in synthetic methods allow their preparation with a low degree of polydispersity. In this letter, we measure the translational diffusion coefficient ͑D͒ of individual gold nanospheres to study a poorly understood problem of the size-dependent dynamics in a polymer melt. The novelty of these experiments is the use of dilute ͑Ͻ0.01% w/w͒ concentration of particles so that the glass transition temperature ͑T g ͒ or effective macroscopic viscosity is minimally affected. In addition, interparticle interactions, such as through the formation of polymer bridges between neighboring particles, can be neglected, simplifying the interpretation of the data. 16 The results presented here will be important in the field of polymer physics and will improve our understanding of many biological and other soft material systems, where there is complex coupling between two or more characteristic length scales that govern their dynamics.
Experiments were performed on a setup reported earlier. 17 Briefly, a Zeiss inverted microscope served as the platform. Near-infrared light from a femtosecond Ti:sapphire laser ͑800 nm, 80 MHz, and pulse width ϳ150 fs͒ was focused through a long working distance objective ͑63ϫ, numerical aperture, NA= 0.75͒ into the polymer film. Luminescence was collected through the same objective and detected by a single photon counting module ͑Hamamatsu͒. The digitized output of the detector was collected by a data acquisition board ͑ISS, Inc., Urbana, IL͒. Gold nanoparticles were purchased commercially ͑Microspheres-Nanospheres, Inc.͒. Their hydrodynamic radius ͑R Ϸ 2.5 nm͒ was verified by employing the method of fluctuation correlation spectroscopy ͑FCS͒, which has been described in detail elsewhere ͓Fig. 1͑a͔͒. 17 From the plot of emission intensity versus incident power, we conclude that the excitation of nanoparticles is a three-photon process ͓Fig. 1͑a͒, inset͔. We note that two-photon induced luminescence is forbidden for a spherical particle. 15 Monodisperse poly͑n-butyl methacrylate͒ ͑PBMA͒ films of M w = 2.5 kg/ mol ͑R g =1 nm͒ and 180 kg/mol ͑R g =9 nm͒ containing a dilute concentration of particles were prepared onto glass slides by spin casting. Due to very slow dynamics of the particles in the melt, the method of FCS to determine the diffusion coefficient is not feasible. Instead, each experimental run measured the photon count as a function of time from a single nanoparticle as it diffuses out of the laser focus. This was accomplished by first optically viewing a small area ͑100ϫ 100 m 2 ͒ to confirm the presence of a particle. The sample was then raster scanned while the photon counts were recorded ͓Fig. 1͑b͔͒. The scanning was performed by a piezoelectric stage ͑Physik Instrumente͒ controlled by a LABVIEW program. By compiling these data into a topographic plot, the lateral position of a single particle was determined with high precision. Once the piezostage is centered on the particle, the focus of the objective was adjusted to maximize the photon counts. The counts were subsequently recorded as a function of time until the particle completely moved out of the focus and the count stabilized to the background counts from the polymer melt ͑Fig. 2, inset͒. The dynamics was quantified by fitting each decay curve with a stretched exponential function and using the fitting parameters to calculate a weighted average decay time ͑ D ͒. In Fig. 2 we plot D as a function of temperature for two different molecular weights. It increases as the temperature is lowered, and for a given temperature, the observed dynamics depends on the molecular weight of the polymer. The diffusion coefficient ͑D͒ of the particle was calculated ͑Fig. 3͒ by using the relation:
where o Ϸ 0.22 m is the half-width of the laser focus. 17 The Stokes-Einstein ͑SE͒ formula predicts diffusion of a relatively large particle in a solvent of much smaller molecules and is given by D SE = k B T / fR, where k B is the Boltzmann constant, T is the absolute temperature, is the solvent viscosity, and f = 6 for no-slip boundary condition for flow at the particle surface. 7, 18 For nonadsorbing or weakly interacting particles such as gold, slippage is expected and using f = 4 is more appropriate as the slip length is bigger compared to the size of the particle. 7 In order to calculate D SE , the melt viscosities are required. The viscosity for 2.5 kg/mol PBMA was found from published Williams-LandelFerry ͑WLF͒ parameters that were determined by magnetoviscometry experiments. 19 Viscosity information for the 180 kg/mol sample was obtained using a combination of Vogel-Fulcher-Tammann ͑VFT͒ parameters from differential scanning calorimetry data with zero-shear viscosity measurements from rotational viscometry experiments. 20, 21 In Fig. 3 ͑inset͒, we compare the ratio D / D SE for both samples. The averaging over three temperatures yields D / D SE Ϸ 2 and 250 for 2.5 and 180 kg/mol samples, respectively.
These results provide insights into the effect of different microscopic length scales on the particle dynamics. The critical molecular weight ͑M c ͒ of entanglement for PBMA is 2M e Ϸ 50 kg/ mol. 22 The lower molecular weight polymer will therefore not entangle and R Ͼ R g . The sample with M w = 180 kg/ mol allows us to study the effect of entangle- 2 / s, which corresponds to a particle radius of Ϸ2.5 nm. ͑Inset͒ Photon counts plotted as a function of laser power on a log-log scale for a single gold sphere embedded in the polymer melt. ͑b͒ Photon counts collected during a raster scan image ͑0.1 m / s scan rate͒ of a typical polymer melt sample. The peaks correspond to gold nanoparticles embedded within the polymer melt. ment on the particle dynamics and in this case, R Ͻ d t Ͻ R g , where d t is the entanglement mesh length or "tube" diameter. From Fig. 3 we conclude that for unentangled polymers, when R Ͼ R g , a simple hydrodynamic model, such as the SE relation, predicts quite accurately the object's motion. However, for entangled polymers, if the mesh size is larger compared to R, the particle diffuses orders of magnitude faster compared to SE prediction. In other words, the local viscosity experienced by the particle is much smaller compared to the macroscopic viscosity of the melt. The results presented here agree with previous experiments, which employ XPCS method to study the diffusion of cadmium selenide nanoparticles in an entangled polystyrene melt. 10 Molecular simulations of nanoparticle diffusion also demonstrated that the ratio R / R g is a key factor in determining the validity of the SE relation for an unentangled melt. 4, 5 If R Ͼ R g , the particle diffusion is correctly predicted by the SE theory. If R Ͻ R g , the particle diffusion is related to the "nanoviscosity," which could be much smaller than the bulk viscosity because the motion of the particle involves only a smaller scale reorganization of the chains. For entangled chains, Brochard Wyart and de Gennes 7 predicted that the nanoviscosity will have an extreme dependence of the particle size when d t Ͼ R. In this situation, polymers are unentangled at length scales smaller than the reptation tube diameter. As the particle moves, it does not have to disentangle any chain, and a simple rearrangement within the tube diameter would cause motion. According to the theory, the drag or local viscosity experienced by the particle will be reduced by a factor of M c ͓M w / M c ͔ 3 ͓a / R͔ 2 , where a is the monomer size. This would indicate D / D SE Ϸ 150 for 180 kg/mol PBMA sample, which agrees qualitatively with the enhancement in diffusion coefficient as observed in our experiments.
In summary, we have shown that photoluminescence of gold nanoparticles can be used to study their dynamics in polymer matrices. Our results indicate deviation from SE prediction as the size of the particles becomes smaller than the entanglement mesh size of the polymer chain. The experiments presented in this letter should be useful for the preparation of hierarchically self-assembled metal nanostructures, understanding of the interaction of nanoscale objects with biological systems, and in the area of microrheology, which uses generalized SE relation to determine the viscoelastic properties of complex fluids.
